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Abstract Gamma-ray bursts (GRBs) are short and intense flashes at the cos-
mological distances, which are the most luminous explosions in the Universe. The
high luminosities of GRBs make them detectable out to the edge of the visible uni-
verse. So, they are unique tools to probe the properties of high-redshift universe:
including the cosmic expansion and dark energy, star formation rate, the reion-
ization epoch and the metal evolution of the Universe. First, they can be used to
constrain the history of cosmic acceleration and the evolution of dark energy in a
redshift range hardly achievable by other cosmological probes. Second, long GRBs
are believed to be formed by collapse of massive stars. So they can be used to
derive the high-redshift star formation rate, which can not be probed by current
observations. Moreover, the use of GRBs as cosmological tools could unveil the
reionization history and metal evolution of the Universe, the intergalactic medium
(IGM) properties and the nature of first stars in the early universe. But beyond
that, the GRB high-energy photons can be applied to constrain Lorentz invariance
violation (LIV) and to test Einstein’s Equivalence Principle (EEP). In this paper,
we review the progress on the GRB cosmology and fundamental physics probed
by GRBs.
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1 Introduction
Gamma-ray bursts (GRBs) are among the most powerful explosions in the Uni-
verse (Me´sza´ros 2006; Zhang 2007; Gehrels et al. 2009; Kumar & Zhang 2015;
Wang et al. 2015), which can be classified into two classes: long GRBs and short
GRBs (Kouveliotou et al. 1993). Long GRBs are formed by collapses of massive
stars, meanwhile the progenitors of short GRBs are mergers of compact stars
(Woosley & Bloom 2006). The high luminosities of GRBs make them detectable
out to high redshifts. Similar as type Ia supernova (SNe Ia), long GRBs can be
treated as “relative standard candles” (i.e., Amati et al. 2002; Ghirlanda et al.
2004a; Liang & Zhang 2005). Due to the collapsar model, long GRBs can probe
the high-redshift star formation rate. They also offer the exciting opportunity to
detect the Population III (Pop III) stars, because massive Pop III stars can die as
GRBs. The smooth spectra of GRB afterglow allow that properties of the inter-
galactic (IGM) absorption features could be extracted. The metal absorption lines
make GRBs powerful sources to study the metal enrichment history. The clean
damping wings of GRBs make them ideal tools to study the reionization of IGM
and interstellar medium (ISM) properties of their hosts.
First, GRBs can act as the complementary tools to study dark energy and
cosmic accelerating expansion. The SNe Ia can be observed when accreting white
dwarf stars exceed the mass of the Chandrasekhar limit and explode. Thus they
can be treated as ideal standard candles. However, the double white dwarfs merger
model of SNe Ia challenges the precision of this standard candle. The acceler-
ating expansion of Universe is discovered by two supernova groups (Riess et al.
1998; Perlmutter et al. 1999), which is attributed to the mysterious component
— dark energy. Other observations, such as the cosmic microwave background
(CMB) (Spergel et al. 2003), baryonic acoustic oscillations (BAO) (Eisenstein et al.
2005), X-ray gas mass fraction in galaxy clusters (Allen et al. 2004), and Hubble
parameters (Jimenez et al. 2003; Wang & Wang 2014), also indicate that the ex-
pansion of universe is speeding up. But hitherto the highest redshift of SNe Ia
is 1.914 (Jones et al. 2013). GRBs are promising tools to fill the gap between
SNe Ia and CMB (Dai et al. 2004; Ghirlanda et al. 2004b; Liang & Zhang 2005;
Ghirlanda et al. 2006; Wang & Dai 2006c; Wang et al. 2007; Schaefer 2007; Wang
2012). Fortunately, some luminosity correlations of GRBs have been used to stan-
dardize GRB energetics (i,e., Ghirlanda et al. 2004a; Xu et al. 2005; Liang & Zhang
2006; Firmani et al. 2005; Amati 2006; Amati et al. 2008; Liang et al. 2008).
The high-redshift (z > 6) star formation rate (SFR) measurement beyond
the reach of present instruments, particularly at the faint end of the galaxy lu-
minosity function. Long GRBs formed by the collapse of massive stars, provide
a complementary tools for measuring the SFR (Totani 1997; Wijers et al. 1998;
Bromm et al. 2002). Because the lifetimes of massive stars are short, the formation
rate can be treated as their death rate. Surprisingly, the Swift data reveals that
long GRBs are not tracing the SFR directly, instead implying some kind of ad-
ditional evolution (Daigne et al. 2006; Le & Dermer 2007; Yu¨ksel & Kistler 2007;
Salvaterra & Chincarini 2007; Guetta & Piran 2007; Kistler et al. 2008; Campisi et al.
2010; Salvaterra et al. 2012). But the conversion factor between GRB rate and SFR
is hard to determine. So the common method is relating the GRBs observed at low
redshift to the SFR measurements and also considering the additional evolution
of the GRB rate relative to the SFR. The SFR derived from GRBs seems to be
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much higher than that obtained from high-redshift galaxy surveys (Kistler et al.
2008, 2009; Wang & Dai 2009; Wang 2013). The additional evolution term can be
expressed as (1 + z)δ (δ ∼ 0.5 − 1.5) (Kistler et al. 2008; Robertson & Ellis 2012;
Wang 2013). Many models have been proposed to explain this additional evolu-
tion, including metallicity evolution (Li 2008; Qin et al. 2010), GRBs from cosmic
strings (Cheng et al. 2010), evolution of initial mass function (Wang & Dai 2011a;
Xu & Wei 2008), evolution of luminosity function (Virgili et al. 2011; Yu et al.
2012). However, some studies claimed that there is no discrepancy between GRB
rate and SFR (Elliott et al. 2012; Hao & Yuan 2013). The sample selection and
adopted SFR are important. Theoretical model and observations of host galax-
ies both support that long GRBs could occur in low-metallicity environment
(Woosley & Heger 2006; Me´sza´ros 2006; Langer & Norman 2006; Stanek et al.
2006; Levesque 2014; Wang & Dai 2014b).
What are the dominant sources of metal enrichment? What is the metal enrich-
ment history? The above two questions are the key questions of metal enrichment.
The metal enrichment can change the star formation mode, from a high-mass
(Pop III) mode to a low-mass dominated (Pop I/II) one, if the metal exceeds a
‘critical metallicity’ of Zcrit ∼ 10
−4Z⊙ (Bromm et al. 2001; Schneider et al. 2002,
2006). The metal enrichment history is also connected with the reionization his-
tory. Absorption lines of distant bright sources, such as GRBs or quasars, are main
sources of information about the chemical properties of high-redshift Universe (Oh
2002; Furlanetto & Loeb 2003; Oppenheimer et al. 2009). GRBs have several ad-
vantages compared to traditional quasars (Bromm & Loeb 2007). First, because
their progenitors are stellar mass black holes, so the number density drops much
less precipitously than quasars at z > 6 (Fan et al. 2006). Second, the spectra of
GRBs are smooth power laws, which allows to extract absorption lines. Several ab-
sorption lines have been extracted from the GRB spectra, such as two absorption
lines (Si IV and Fe II) in the spectrum of GRB 090423 (Salvaterra et al. 2009).
In this paper, we review the cosmological implications of GRBs. Then in the
following sections the gamma-ray bursts cosmology is reviewed: The second section
is dedicated to luminosity correlations and cosmological constraints from GRBs.
Section 3 discusses the capability of GRBs to reveal the high-redshift SFR. In sec-
tion 4, the capability of GRBs to probe the metal enrichment history is discussed.
The tests on fundamental physics with GRBs are reviewed in sections 5 and 6.
The last section provides a summary and future prospect.
2 The luminosity correlations of GRBs and dark energy
In order to investigate the properties of dark energy, the relation between distance
and redshift is needed, i.e., the expansion history of our universe. The best way to
measure the redshift-distance relation is using standard candles, such as SNe Ia.
To this end, many projects have been proposed to determine the distances of SNe
Ia with exquisite accuracy. However, due to the limited luminosity of SN Ia, they
can only be detected at low redshifts, i.e., z < 2.0. If we study the evolution of dark
energy at large redshift range, high-redshift standard candle is needed. GRBs could
be complementary probes of dark energy at high redshifts. Many attempts have
been performed to standardize GRBs. But the observed energies of GRBs span
a wide range. After considering the collimation effect, Frail et al. (2001) found
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that the collimated energies of GRBs clustered around 5 × 1050 erg, which was
confirmed by Bloom et al. (2003). Meanwhile, the collimated jet predicts that the
appearance of an achromatic break in the afterglow light curve of GRBs (Rhoads
1997; Sari 1999), which is important to standardize the energetic of GRBs.
In this section, we first review luminosity correlations of GRBs. Then the
progress on dark energy revealed by GRBs is discussed. Some reviews have dis-
cussed this topic (i.e., Ghirlanda et al. 2006; Dai & Wang 2007; Amati & Della Valle
2013).
2.1 The luminosity correlations of GRBs
The isotropic luminosity L and the energy E of GRBs with redshifts can be cal-
culated by the peak flux and the fluence. For example, the isotropic luminosity
is
L = 4πd2LPbolo (1)
and the total isotropic energy is
Eiso = 4πd
2
LSbolo(1 + z)
−1. (2)
Here, Pbolo and Sbolo are the bolometric peak flux and fluence, respectively. In
the classical scenario, the presence of a jet affects the afterglow light curve which
presents an achromatic break. So the observation of the afterglow allows to esti-
mate the jet opening angle θjet. So after the geometric correction, the collimated
energy Eγ = EisoFbeam, where Fbeam = 1−cos θjet is the beaming factor. The peak
flux and fluence are given over a wide variety of observed bandpasses, and with
the wide range of redshifts which correspond to different range of energy bands
in the rest frame of GRBs. So the K-correction is important (Bloom et al. 2001).
Pbolo and Sbolo are derived from the differential energy spectrum Φ(E) as follows:
Pbolo = P ×
∫ 104/(1+z)
1/(1+z) EΦ(E)dE∫ Emax
Emin
Φ(E)dE
, (3)
Sbolo = S ×
∫ 104/(1+z)
1/(1+z) EΦ(E)dE∫ Emax
Emin
EΦ(E)dE
, (4)
with P and S being the observed peak energy and fluence in units of photons/cm2/s
and erg/cm2, respectively, and (Emin, Emax) the detection thresholds of the ob-
serving instrument. In general, the differential energy spectrum is described by
band function (Band et al. 1993),
Φ(E) =


AEαe−(2+α)E/Epeak E ≤ α−β2+αEpeak
BEβ otherwise
(5)
where α is the power-law index for photon energies below the break and β is the
power-law index for photon energies above the break. Some differential energy
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spectra of GRBs also show power-law spectra plus an exponential cutoff. In the
standard flat ΛCDM model, the luminosity distance dL can be expressed as
dL(z) = (1 + z)
c
H0
∫ z
0
dz′√
ΩM(1 + z′)3 +ΩΛ
. (6)
There are several intrinsic luminosity correlations of GRBs are found, such as
Liso−τlag correlation (Norris et al. 2000), Liso−V correlation (Fenimore & Ramirez-Ruiz
2000), Amati correlation (Amati et al. 2002), Yonetoku correlation (Yonetoku et al.
2004), Ghirlanda correlation (Ghirlanda et al. 2004a), Liang-Zhang correlation
(Liang & Zhang 2005) and Combo-correlation (Izzo et al. 2015).
Due to GRBs cover large redshift range, whether the correlations evolve with
the redshift should be discussed. It’s found that the slope of Amati correlation
may vary with redshift significantly using a small sample of GRBs (Li 2007).
Basilakos & Perivolaropoulos (2008) found no statistically significant evidence for
redshift dependence of slopes in five correlations using 69 GRBs compiled by
Schaefer (2007). Wang et al. (2011a) enlarge the GRB sample and test six GRB
correlations. There is no statistically significant evidence for the evolution of the
luminosity correlations with redshift is found. The slopes of correlations versus
redshift are all consistent with zero at the 2σ confidence level. But Lin et al.
(2015) found that the Amati correlation of low-redshift GRBs differs from that
of high-redshift GRBs at more than 3σ confidence level, which is insensitive to
cosmological models.
2.2 Constraints on dark energy and cosmological parameters
The classical method to constrain dark energy is through its influence on the
expansion history of the universe, which can be extracted from the luminosity
distance dL(z) and the angular diameter distance dA(z). In addition, the weak
gravitational lensing, growth of large-scale structure, and redshift space distortion
can also provide useful constraints on dark energy. Theoretical models can be
tested using the classical χ2 statistic. The typical way to probe dark energy from
standard candles is as follows.With luminosity distance dL in units of megaparsecs,
the theoretically predicted distance modulus is
µ = 5 log(dL) + 25. (7)
The likelihood functions for the cosmological parameters can be determined from
χ2 statistics,
χ2(ΩM , ΩDE) =
N∑
i=1
[µi(zi,H0, ΩM , ΩDE)− µ0,i]
2
σ2µ0,i
, (8)
where µ0,i is the observed distance modulus, and σµ0,i is the standard deviation.
The confidence regions in the ΩM −ΩDE plane can be derived through marginal-
izing the likelihood functions over H0 (i.e., integrating the probability density
p ∝ exp(−χ2/2) for all values of H0).
A lot of effort had been made to constrain cosmological parameters using
GRBs since their cosmological origin was confirmed. Schaefer et al. (2003) ob-
tained the first GRB Hubble diagram based on Liso − V correlation, and found
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the mass density ΩM < 0.35 at the 1σ confidence level. After Ghirlanda et al.
(2004a) found the Ghirlanda correlation, Dai et al. (2004) first used this corre-
lation with 12 bursts and found the mass density ΩM = 0.35 ± 0.15 at the 1σ
confident level for a flat universe by assuming that some physical explanation
comes into existence. Ghirlanda et al. (2004b) using 14 GRBs and SNe Ia obtained
ΩM = 0.37 ± 0.10 and ΩΛ = 0.87± 0.23. Assuming a flat universe, the cosmolog-
ical parameters were constrained to be ΩM = 0.29 ± 0.04 and ΩΛ = 0.71 ± 0.05
(Ghirlanda et al. 2004b). Wang & Dai (2006a) using the Liang-Zhang correlation
to investigate the transition redshifts in different dark energy models via GRBs
and SNe Ia, see also Wang & Dai (2006b). Di Girolamo et al. (2005) simulated
different samples of gamma-ray bursts and found that ΩM could be determined
with accuracy ∼ 7% with data from 300 GRBs. Meanwhile, many works have been
done in this field, such as Mo¨rtsell & Sollerman (2005), Bertolami & Silva (2006),
Firmani et al. (2006), Li et al. (2008), Basilakos & Perivolaropoulos (2008), Wang
(2008), Yu et al. (2009), Cardone et al. (2009), Qi & Lu (2010), Demianski & Piedipalumbo
(2011), Demianski et al. (2011), and Wei et al. (2013).
Unfortunately, because of lack of low-z GRBs, the luminosity correlations has
been obtained only from moderate-z GRBs. So the correlations are cosmology-
dependent, i.e., the isotropic energy Eiso, collimation-corrected energy Eγ , and
luminosity Liso are as functions of cosmological parameters. This is the so-called
“circularity problem” of GRBs. In the following, we discuss different methods to
overcome this problem.
The first method is fitting the cosmological parameters and luminosity cor-
relation simultaneously. Schaefer (2007) used 69 GRBs and five correlations to
constrain cosmological parameters. Wang et al. (2007) also used 69 GRBs and
other cosmological probes to constrain cosmological parameters. They make si-
multaneous uses of five luminosity indicators, which are correlations of Liso− τlag,
Liso − V , Epeak − Liso, Epeak − Eγ , and τRT − Liso. After obtaining the distance
modulus of each burst using one of these correlations, the real distance modulus
can be calculated,
µfit = (
∑
i
µi/σ
2
µi)/(
∑
i
σ−2µi ), (9)
where the summation runs from 1 − 5 over the correlations with available data,
µi is the best estimated distance modulus from the i-th relation, and σµi is the
corresponding uncertainty. The uncertainty of the distance modulus is
σµfit = (
∑
i
σ−2µi )
−1/2. (10)
When calculating constraints on cosmological parameters and dark energy, the
normalizations and slopes of the five correlations are marginalized. The marginal-
ization method is to integrate over some parameters for all of its possible values.
The χ2 value is
χ2GRB =
N∑
i=1
[µi(zi,H0, ΩM , ΩDE)− µfit,i]
2
σ2µfit,i
, (11)
where µfit,i and σµfit,i are the fitted distance modulus and its error. In addition
to GRBs, SNe Ia, CMB, BAO, X-ray gas mass fraction in galaxy clusters and
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Fig. 1 Joint confidence intervals of 1σ for (ΩM , ΩΛ) from the observational datasets. The thick
black line contour, the blue contour, the red contour, the yellow contour, the violet contour,
the orange contour, and the purple contour show constraints from from all the datasets, 26
galaxy clusters, 69 GRBs, CMB shift parameter, 182 SNe Ia, BAO, and 2dF Galaxy Redshift
Survey, respectively. The thin solid line represents a flat universe. (Adapted from Figure 2 in
Wang et al. (2007).)
growth rate data are also ideal cosmological probes. In Figure 1, the constraint
on the ΛCDM model is shown. Different color contours represent constraints from
different data. The best fitted parameters are consistent with a flat geometry.
Li et al. (2008) also performed a Markov Chain Monte Carlo (MCMC) global fit-
ting analysis to overcome the circularity problem. The Ghirlanda correlation and
27 GRBs are used. They treated the slopes of Ghirlanda correlation and cosmo-
logical parameters as free parameters and determine them simultaneously through
MCMC analysis on GRB data together with other observational data, such as
SNe Ia, CMB and large-scale structure (LSS). Amati et al. (2008) measured the
cosmological parameters using Amati correlation using global fitting method. The
extrinsic scatter was assumed on the parameter of Epeak, but the cosmological-
dependent value is Eiso (Ghirlanda 2009).
The second method is to calibrate the correlations of GRBs using SNe Ia data
at low redshifts. The principle of this method is that objects at the same redshift
should have the same luminosity distance in any cosmology model. Therefore,
the luminosity distance at any redshift in the redshift range of GRBs can be
obtained by interpolating (or by other approaches) directly from the SNe Ia Hubble
diagram. Then if further assuming these calibrated GRB correlations to be valid
for all long GRB data, the standard Hubble diagram method to constrain the
cosmological parameters from the GRB data at high redshifts obtained by utilizing
the correlations. Liang et al. (2008) first calibrated the GRB correlations using an
interpolation method. The error of distance modulus of linear interpolation can
be calculated as (Liang et al. 2008; Wei 2010; Wei et al. 2015)
σµ = ([(zi+1 − z)/(zi+1 − zi)]
2ǫ2µ,i + [(z − zi)/(zi+1 − zi)]
2ǫ2µ,i+1)
1/2, (12)
where ǫµ,i and ǫµ,i+1 are errors of the SNe Ia, µi and µi+1 are the distance mod-
uli of the SNe Ia at zi and zi+1 respectively. Similar to the interpolation method,
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Cardone et al. (2009) constructed an updated GRBs Hubble diagram on six corre-
lations calibrated by local regression from SNe Ia. Kodama et al. (2008) presented
that the Liso - Epeak correlation can be calibrated with the empirical formula fitted
from the luminosity distance of SNe Ia.
However, it must be noted that this calibration procedure depends seriously on
the choice of the formula and various possible formulae can be fitted from the SNe
Ia data that could give different calibration results of GRBs. As the cosmological
constraints from GRBs are sensitive to GRBs calibration results (Wang 2008), the
reliability of this method should be tested carefully. Moreover, as pointed out by
Wang (2008), the GRB luminosity correlations which are calibrated by this way
are no longer completely independent of all the SNe Ia data points. Therefore these
GRB data can not be used to directly combine with the whole SNe Ia dataset to
constrain cosmological parameters and dark energy. In order to search a unique
expression of the fitting formula, Wang et al. (2009) used the cosmographic param-
eters (Capozziello & Izzo 2008; Vitagliano et al. 2010; Xia et al. 2012; Gao et al.
2012). The luminosity distance can be expanded as (Visser 2004)
dL =
c
H0
{
z +
1
2
(1− q0)z
2 −
1
6
(
1− q0 − 3q
2
0 + j0
)
z3
+
1
24
[
2− 2q0 − 15q
2
0 − 15q
3
0 + 5j0 + 10q0j0 + s0
]
z4 +O(z5)}, (13)
where q is the deceleration parameter, j is the so-called “jerk”, and s is the so-called
“snap” parameter. These quantities are defined as
q = −
1
H2
a¨
a
; (14)
j =
1
H3
˙¨a
a
; (15)
s =
1
H4
¨¨a
a
. (16)
Equation (13) is only dependent on the cosmological principles and FRW metric,
so the expansion is model-independent. But the Taylor-expansion of dL is not
valid at z > 1. So expansion dL as a function of y = z/1 + z is much useful
(Wang & Dai 2011b). The calibrated Hubble diagram of GRBs is shown in Figure
2 (Wang & Dai 2011b).
The third method is to calibrate the standard candles using GRBs in a narrow
redshift range (δz) near a fiducial redshift (Liang & Zhang 2006; Ghirlanda et al.
2006). Liang & Zhang (2006) proposed a procedure to calibrate the Liang-Zhang
correlation with a sample of GRBs in a narrow redshift range. No low-redshift
GRB sample is needed in this method. The calibration procedure can be described
as follows. First, calibrate the power-law index of Liang-Zhang correlation using
a sample of GRBs that satisfy this correlation and are distributed in a narrow
redshift range. The power-law index can be derived using a multiple regression
method. Second, marginalize the coefficient value over a reasonable range.
However, the gravitational lensing by random fluctuations in the intervening
matter distribution induces a dispersion in GRB brightness (Oguri & Takahashi
2006; Schaefer 2007), degrading their value as standard candles as well as SNe
Ia (Holz 1998). GRBs can be magnified (or reduced) by the gravitational lensing
GRBs and fundamental physics 9
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Fig. 2 The Hubble diagram of 557 SNe Ia (blue) and 66 high-redshift GRBs (red). (Adapted
from Figure 2 in Wang & Dai (2011b).)
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Fig. 3 Magnification probability distribution functions of gravitational lensing at redshifts
z = 1, z = 3 and z = 7. (Adapted from Figure 5 in Wang & Dai (2011b).)
produced by the structure of the Universe. The gravitational lensing has some-
times a great impact on high-redshift GRBs. First, the probability distribution
functions (PDFs) of gravitational lensing magnification have much higher disper-
sions and are markedly different from the Gaussian distribution (Valageas 2000;
Oguri & Takahashi 2006; Wang & Dai 2011b). Figure 3 shows the magnification
probability distribution functions of gravitational lensing at different redshifts
(Wang & Dai 2011b). Second, there is effectively a threshold for the detection
in the burst apparent brightness. With gravitational lensing, bursts just below
this threshold might be magnified in brightness and detected, whereas bursts just
beyond this threshold might be reduced in brightness and excluded. Wang & Dai
(2011b) considered the weak lensing effect on cosmological parameters derived from
GRBs, and found that the most probable value of the observed matter density ΩM
is slightly lower than its actual value, see Figure 4. The weak gravitational lensing
also affects the dark energy equation of state by shifting it to a more negative
value.
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Fig. 4 Confidence contours of likelihood from 1σ to 3σ in the ΛCDM model. The black line
contours from 116 GRBs and the dotted contours from 116 GRBs including magnification bias.
(Adapted from Figure 7 in Wang & Dai (2011b).)
2.3 The equation of state of dark energy
The dark energy equation of state w is the most important parameter that de-
scribes the properties of dark energy. Whether and how it evolves with time is cru-
cial for revealing the physics of dark energy. GRBs can provide the high-redshift
evolution property of dark energy. The procedure is to bin w in z, and fit the
w in each bin to observational data by assuming that w is constant in each bin.
wi is the EOS parameter in the i
th redshift bin defined by an upper boundary
at zi, and the zeroth bin is defined as z0 = 0. Qi et al. (2008a) used GRBs and
other cosmological observations to construct evolution of the equation of state, and
found that the equation of state w is consistent with the cosmological constant
(also see Qi et al. 2008b). The confidence interval of the uncorrelated equation of
state parameter can be significantly reduced by adding GRBs. After calibrating
the GRB correlations using cosmographic parameters, Wang & Dai (2011b) found
that the high-redshift (1.4 < z < 8.2) equation of state is consistent with the
cosmological constant. But some studies found that the equation of state w may
deviate from −1 (i.e., Qi et al. 2009; Zhao et al. 2012). In light of the Planck CMB
data, (Wang & Dai 2014a) found that the EOS is consistent with the cosmological
constant at the 2σ confidence level, not preferring to a dynamical dark energy,
which is shown in Figure 5.
3 The star formation rate and GRBs
3.1 Star formation rate derived from GRBs
The association of long GRBs with core-collapse supernovae has been confirmed
from observations in recent years (Stanek et al. 2003; Hjorth et al. 2003), which
provides a complementary technique for measuring the high-redshift SFR (Totani
1997; Wijers et al. 1998; Lamb & Reichart 2000; Porciani & Madau 2001; Bromm et al.
2002). The selection effects should be considered (for a review, see Coward 2007).
GRBs and fundamental physics 11
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Fig. 5 Estimation of the uncorrelated dark energy EOS parameters at different redshift bins
(w1, w2, ...,w10) from SNe Ia+BAO+WMAP9+H(z)+GRB data. The open points show the
best fit value. The error bars are 1σ and 2σ confidence levels. The dotted line shows the
cosmological constant. (Adapted from Figure 3 in Wang & Dai (2014a).)
But one crucial problem appears, i.e., how to calibrate the GRB event rate to the
SFR. The luminosity function may play an important role (Natarajan et al. 2005;
Daigne et al. 2006; Salvaterra & Chincarini 2007; Salvaterra et al. 2009; Campisi et al.
2010; Wanderman & Piran 2010; Cao et al. 2011). Before the launch of Swift (Gehrels et al.
2004), the luminosity function is determined by fitting the observed logN − logP
distribution (Schmidt 1999; Porciani & Madau 2001; Guetta et al. 2005; Natarajan et al.
2005). Thanks to the Swift, more redshifts of GRBs are measured. This makes it
possible to give more information on the luminosity function (Wanderman & Piran
2010; Cao et al. 2011; Tan et al. 2013). Because the form of luminosity function
should be assumed and the model parameters of luminosity function is degener-
ate, it is not easy to determine the luminosity function. A straightforward way
to estimate the luminosity function is proposed by Lynden-Bell (1971) and then
further developed by Efron & Petrosian (1992). This method has been used for
GRBs (Lloyd-Ronning et al. 2002; Yonetoku et al. 2004; Wu et al. 2012). They
found that the GRB rate is tracing SFR in a wide redshift range. But Yu et al.
(2015) for the first time found that the GRB rate shows an unexpectedly low-
redshift excess comparing to the observed SFR. In Figure 6, the blue stepwise line
represents the comoving cosmic formation of GRBs as a function of redshift, and
the error bar gives the 1σ confidence level. The best-fitting power laws for different
segments are
ρ(z) ∝


(1 + z)0.02±1.47 z < 1.0,
(1 + z)−0.35±0.70 1.0 < z < 4.0,
(1 + z)−3.04±1.53 z > 4.0.
(17)
The error bars are in the 95% confidence level. This result has been confirmed by
later study by Petrosian et al. (2015). There are some possible reasons for this
low-redshift excess.
The first one is that the definition of long GRBs is not clear. In classical
method, the long GRBs are defined by T90 > 2 s (Kouveliotou et al. 1993). There
is no clear boundary line in this diagram to separate the long and short GRBs.
Moreover, T90 is an observed time scale, which represents different time for GRBs
at different redshifts. Meanwhile, the observations of low-redshift long GRBs, such
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Fig. 6 The comparison between GRB formation rate ρ(z) (blue) and the observed SFR. The
SFR data are taken from Hopkins & Beacom (2006), which are shown as red dots. The SFR
data from Bouwens et al. (2011) (stars) and Wang (2013) (open circles) are also used.
as GRB 060614 at z = 0.125 and GRB 060505 at z = 0.089, show no association of
supernovae (Gal-Yam et al. 2006; Gehrels et al. 2006). So more physical criterions
are required to classify GRBs. Because only a subclass of GRBs can trace the SFR.
Some attempts have been performed (Zhang 2006; Zhang et al. 2009; Bloom et al.
2008). It has been suggested that GRBs can be classified physically into Type I
(compact star origin) and Type II (massive star origin) (Zhang 2006, 2007).
The second one is that some selection effects have not been included in analysis.
For example, it is easier to measure the redshift of those GRBs which are in lower
redshift and therefore create a bias toward low redshift GRBs. It means that we
lose some high redshift GRBs, so the formation rate of GRBs at low redshift we
calculated will larger than the SFR.
The third one is that there may exist a subclass GRBs, i.e., low-luminosity
GRBs (Cobb et al. 2006; Pian et al. 2006; Soderberg et al. 2006; Liang et al. 2007).
The local rate of low-luminosityGRBs may be high, i.e., ρ(0) = 100−1000 yr−1 Gpc−3
(Soderberg et al. 2006; Liang et al. 2007), much higher than high-luminosityGRBs.
The progenitors of low-luminosity GRBs may be different with those of high-
luminosity GRBs (Mazzali et al. 2006; Soderberg et al. 2006). The contamination
from low-luminosity GRBs could lead to the low-redshift excess.
The expected redshift distribution of GRBs is
dN
dz
= F (z)
ε(z)ρ˙∗(z)
〈fbeam〉
dVcom/dz
1 + z
, (18)
where F (z) represents the ability to obtain the redshift, ε(z) accounts for the
fraction of stars producing GRBs, and ρ˙∗(z) is the SFR density. The F (z) can be
treated as constant when we consider the bright bursts with luminosities sufficient
to be detected within an entire redshift range. GRBs that are unobservable due
to beaming are accounted for through 〈fbeam〉. The ε(z) can be parameterized as
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Fig. 7 Distribution of the isotropic-equivalent luminosity for 157 long-duration Swift GRBs.
The shaded area approximates the detection threshold of Swift BAT. (Adapted from Figure 1
in Wang (2013).)
ε(z) = ε0(1 + z)
δ, where ε0 is an unknown constant that includes the absolute
conversion from the SFR to the GRB rate in a given GRB luminosity range.
Kistler et al. (2008) found the index δ = 1.5 from 63 Swift GRBs. A little smaller
value δ ∼ 0.5− 1.2 has been inferred from update Swift GRBs (Kistler et al. 2009;
Wang 2013). In a flat universe, the comoving volume is calculated by
dVcom
dz
= 4πD2com
dDcom
dz
, (19)
where the comoving distance is
Dcom(z) ≡
c
H0
∫ z
0
dz′√
Ωm(1 + z′)3 +ΩΛ
. (20)
In the calculations, the ΛCDM model with Ωm = 0.27, ΩΛ = 0.73 and H0=71
km s−1 Mpc−1 from the WMAP seven-year data is used (Komatsu et al. 2011).
Figure 7 shows the isotropic luminosity distribution of 157 Swift GRBs. The
isotropic luminosity can be obtained by
Liso = Eiso(1 + z)/T90, (21)
where T90 is the duration time. The shaded area approximates the detection thresh-
old of Swift BAT, which has a flux limit ∼ Flim = 1.2× 10
−8erg cm−2 s−1. So the
selection effect is important. In order to exclude faint low -redshift GRBs that
could not be visible at high redshifts, we only select luminous bursts. The lumi-
nosity cut Liso > 10
51 erg s−1 is chosen in the redshift bin 0 − 4 (Yu¨ksel et al.
2008), which removes many low-redshift, low-luminosity bursts that could not be
detected at higher redshift. The cumulative distribution of GRB redshift can be
expressed as
N(< z)
N(< zmax)
=
N(0, z)
N(0, zmax)
. (22)
The value of zmax is taken as 4.0. Because the SFR has been well measured at
z < 4.0 (Hopkins & Beacom 2006). The theory predicted and observed cumulative
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are the SFR derived from GRBs in (Wang 2013). (Adapted from Figure 3 in Wang (2013).)
GRB distributions is shown in Figure 8. The Kolmogorov-Smirnov statistic gives
the minimization for δ = 0.5 (Wang 2013).
The derived SFR from GRBs are shown as filled circles in Figure 9. Error bars
correspond to 68% Poisson confidence intervals for the binned events (Gehrels
1986).
The formation rate of short GRBs is also extensively investigated. From the
host galaxy and afterglow observations, it is believed that short GRBs originate
from neutron star-neutron star or neutron star-black hole mergers (Berger 2014).
So there is a delay time between the SFR and the merger rate, because the stellar
evolution of binary stars and the binary orbits to spiral in. The delay time is about
3.0 Gyr (Wanderman & Piran 2015). The coalescence of a neutron star-neutron
star is the mainly source of gravitational waves (GW). The simultaneous detection
of a short GRB with a GW signal can constrain the nature of short GRBs. The
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approximate detection horizon of neutron star-neutron star merger by Advanced
LIGO/Virgo and other planned advanced GW detectors is about 300 Mpc.
3.2 Possible origins of high-redshift GRB rate excess
Recent studies show that the rate of GRBs does not strictly follow the SFH but
is actually enhanced by some mechanism at high redshift (Le & Dermer 2007;
Salvaterra & Chincarini 2007; Kistler et al. 2008; Yu¨ksel et al. 2008; Wang & Dai
2009; Robertson & Ellis 2012; Wang 2013). The SFR inferred from the high-
redshift (z > 6) GRBs seems to be too high in comparison with the SFR obtained
from some high-redshift galaxy surveys (Bouwens et al. 2009, 2011).
3.2.1 Metallicity evolution
A natural origin of the high-redshift GRB rate excess is the metallcity evolution.
Theory and observation both support that long GRBs prefer to occurring in low-
metallicity environment. Some theoretical studies of long GRBs progenitors using
stellar evolution models suggest that low metallicity may be a necessary condition
for a long GRB to occur. For popular collapse models of long GRBs, stars with
masses > 30M⊙ can be able to create a black hole (BH) remnant (Woosley 1993;
Hirschi et al. 2005). The preservation of high angular momentum and high-stellar
mass at the time of collapse (Woosley 1993; MacFadyen & Woosley 1999) is crucial
for producing a relativistic jet and high luminosity. Low-metallicity (0.1− 0.3Z⊙)
progenitors can theoretically retain more of their mass due to smaller line-driven
stellar winds (Kudritzki & Puls 2000; Vink & de Koter 2005), and hence preserve
their angular momentum (Yoon & Langer 2005; Yoon et al. 2006), because the
wind-driven mass loss of massive stars is proportional to the metallicity. Observa-
tions of long GRB host galaxies also show that they are typically in low metallic-
ity environment, for several local long GRB host galaxies (Sollerman et al. 2005;
Stanek et al. 2006), as well as in distant long GRB hosts (i.e., Fruchter et al. 2006;
Prochaska et al. 2007).
Li (2008) studied the possibility of interpreting the observed discrepancy be-
tween the GRB rate history and the star formation rate history using cosmic
metallicity evolution (Kistler et al. 2008). Under the assumption that the forma-
tion of long GRBs follows the cosmic star formation history and form preferentially
in low-metallicity galaxies, the rate of GRB is given by
RGRB(z) = kGRBΣ(Zth, z)ρ∗(z), (23)
where kGRB is the GRB formation efficiency, Σ(Zth, z) is the fraction of galaxies
at redshift z with metallicity below Zth (Langer & Norman 2006) and ρ∗(z) is the
observed SFR. The function Σ(Zth, z) is (Langer & Norman 2006)
Σ(Zth, z) =
Γˆ [α1 + 2, (Zth/Z⊙)
2100.15βz]
Γ (α1 + 2)
, (24)
where Γˆ and Γ are the incomplete and complete gamma functions, α1 = −1.16 and
β = 2 (Savaglio et al. 2005). Li (2008) found that the distribution of luminosity and
cumulative distribution of redshift could be well fitted if Zth = 0.3Z⊙ is adopted.
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Fig. 10 GRB host galaxy mass distribution. The solid lines represent the upper limits of the
stellar mass of a GRB host galaxy given a metallicity cutoff of 12+log(O/H)KK04 = 8.7 (black),
and 12+ log(O/H)KK04 = 8.6 (red). The dashed lines represent the 1σ scatter. (Adapted from
Figure 4 in Wang & Dai (2014b).)
Wang & Dai (2009) studied the high-redshift SFR by considering the GRBs trac-
ing the star formation history and the cosmic metallicity evolution. They found
the SFR derived from GRBs is marginal consistent with that from traditional way
(i.e., Hopkins & Beacom 2006). Wei et al. (2014) examined the influence on the
GRB distribution due to the background cosmology, i.e., Rh = ct Universe. How-
ever, a few GRB hosts with high metallicity are observed (i.e. GRB 020819), so
that the role of metallicity in driving the GRB phenomena remains unclear and
it is still debated (Price et al. 2007; Wolf & Podsiadlowski 2007; Kocevski et al.
2009; Graham et al. 2009; Svensson et al. 2010). For excellent reviews, see ? and
Levesque (2014). But there are some uncertainties when measure the metallici-
ties of GRBs’ explosion region at high-redshifts, such as chemical inhomogeneity
(Levesque et al. 2010; Niino 2011). Wang & Dai (2014b) studied the metallicity
role from two aspects, the GRB host galaxies and redshift distribution. They found
that the the observed GRB host galaxy masses and the cumulative redshift dis-
tribution can fit the predicted distributions well if GRBs occur in low-metallicity
12 + log(O/H)KK04 < 8.7, which is shown in Figure 10. Trenti et al. (2015) found
that there is clear evidence for a relation between SFR and GRB (Jimenez & Piran
2013). But a sharp cut-off of metallicity is ruled out.
3.2.2 Evolving star initial mass function
Wang & Dai (2011b) proposed that the GRB rate excess may be due to the evo-
lution of star initial mass function (IMF), also see Xu & Wei (2008). Because an
“top-heavy” IMF will lead to more massive stars at high-redshift which can result
in much more GRBs. Considering long GRBs trace SFR, the rate of GRBs in an
evolving IMF is
RGRB ∝
Nm>30M⊙
V
= K
(
c
H0
)−3 ∫ml
30M⊙
ξ(m)d logm∫ml
ms
mξ(m)d logm
ρ∗(z), (25)
where K is a constant to be constrained and RGRB is the rate of GRBs, represent-
ing the number of GRBs per unit time per unit volume at redshift z. The evolving
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Fig. 11 The cumulative distribution of 72 Swift long GRBs with Liso > 0.8 × 10
51 erg s−1
(stepwise solid line). The dotted line shows the GRB rate inferred from the star formation
history of Hopkins & Beacom (2006). The dashed line shows the GRB rate inferred from star
formation history including an evolving IMF. (Adapted from Figure 2 in Wang & Dai (2011b).)
IMF proposed by Dave´ (2008) is
dN
d logm
= ξ(m) ∝
{
m−0.3 for m < mˆIMF
m−1.3 for m > mˆIMF,
(26)
where mˆIMF = 0.5(1 + z)
2M⊙, which has been constrained by requiring non-
evolving star formation activity parameter. Figure 11 shows that the observed
cumulative distribution of GRBs can be well produced by this model.
3.2.3 Evolving luminosity function break
Virgili et al. (2011) found that if the break of luminosity function evolves with
redshift, the distributions of luminosity, redshift and peak photon flux from the
BATSE and Swift data can be reproduced from simulations. The break luminosity
function evolution can be in a moderate way ∝ Lb× (1+z)
∼0.8−1.2. Campisi et al.
(2010) studied the luminosity function, the rate of long GRBs at high redshift,
using high-resolution N-body simulations. A strongly evolving luminosity function
with no metallicity cut may well explain the logN − logP distribution of BATSE
and Swift data.
3.2.4 Superconducting cosmic string
Cosmic strings are thought to be linear topological defects that could be formed at
a phase transition in very early Universe. By considering that high-redshift GRBs
080913 and 090423 are electromagnetic bursts of superconducting cosmic strings,
Cheng et al. (2010) showed the high-redshift GRB excess can be reconciled. But
Wang et al. (2011b) claimed that GRBs from cosmic string have a very small
angle, about 10−3, which could be in contradiction with the opening angle of the
GRB outflow. Cheng et al. (2011) pointed out that the angle is not the opening
angle of the GRB outflow, but is just the collimation angle of the radiation of the
corresponding string segment. We must caution that the existence of cosmic string
is only speculative.
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Fig. 12 Left panel Minihalo circumburst density. Shown is the hydrogen number density
as a function of distance from the central Pop III star at the moment of its death. Typical
circumburst densities are ∼ 1 cm−3. Right panel Atomic-cooling-halo circumburst density. The
density profiles are calculated from the Shu solution. The case of photoheating from only a
single Pop III star (solid lines), and that from a stellar cluster (dotted lines). (Adapted from
Figures 1 and 2 in Wang et al. (2012).)
4 Probing the Pop III stars and High-Redshift IGM
4.1 Observational signature of Pop III GRBs
The first stars, also called Population III (Pop III) stars, are predicted to have
formed in minihaloes with virial temperatures Tvir ≤ 10
4K at z ≥ 15 (Tegmark et al.
1997; Yoshida et al. 2003; Bromm & Larson 2004). Numerical simulations show
that Pop III stars forming in primordial minihaloes, were predominantly very mas-
sive stars with typical masses M∗ ≥ 100M⊙ (Bromm et al. 1999, 2002), for recent
reviews, see (Bromm et al. 2009). They had likely played a crucial role in early
universe evolution, including reionization, metal enrichment history. Some studies
shows that some Pop III stars will end as GRBs, called Pop III GRBs (Heger et al.
2003; Bromm & Loeb 2006; Komissarov & Barkov 2010; Stacy et al. 2011), which
will be brighter and more energetic than any GRB yet detected (Toma et al. 2011;
Nagakura et al. 2011; Campisi et al. 2011; Me´sza´ros & Rees 2010; Nakauchi et al.
2012). Direct observations of the Pop III stars have so far been out of reach. The
properties of Pop III stars may be revealed by their remanents, Pop III GRBs.
In particular, the afterglow emission of Pop III GRBs depend on the circum-
burst density (Ciardi & Loeb 2000; Gou et al. 2004; Wang et al. 2012). In par-
ticular, the central minihalo environments just before a massive star die and a
GRB bursts out can be understood as follows. The number of ionizing photons
depends strongly on the central stellar mass, which is determined by a accre-
tion flow onto the growing protostar (e.g., McKee & Tan 2008; Hosokawa et al.
2011; Stacy et al. 2012). Meanwhile the accretion is also affected by this radiation
field. So the assembly of the Pop III stars and the development of an H II region
around them proceed simultaneously, and affect each other. The shallow potential
wells of minihalos are unable to maintain photo-ionized gas, so that the gas is
effectively blown out of the minihalo. The resulting photo-evaporation has been
studied (Alvarez et al. 2006; Abel et al. 2002; Greif et al. 2009).
The photoevaporation from minihalos can be described as the self-similar so-
lution for a champagne flow (Shu et al. 2002). Assuming a ρ ∝ r−2 density profile,
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Fig. 13 Light curve at ν = 6.3× 1013Hz (M band) of Pop III GRBs. The emission from the
forward shock (dashed line), the reverse shock (solid red line), and their combination (solid
black line) are shown. (Adapted from Figure 5 in Wang et al. (2012).)
the spherically symmetric continuity and Euler equations for isothermal gas can
be described as follows:
[(v − x)2 − 1]
1
α
dα
dx
=
[
α−
2
x
(x− v)
]
(x− v), (27)
[(v − x)2 − 1]
dv
dx
=
[
(x− v)α−
2
x
]
(x− v), (28)
where x = r/cst, and ρ(r, t) = α(x)/4πGt
2 = mHn(r)/X and u(r, t) = csv(x) are
the reduced density and velocity, respectively. cs is the sound speed and X = 0.75
the hydrogen mass fraction. We set the typical lifetime of a massive Pop III star
as t = t∗ ≃ 3× 106 yr.
In the left panel of Figure 12, we show the density profiles at the end of the
Pop III progenitor’s life in the minihalo case. The circumstellar densities are nearly
uniform at small radii. Such a flat density profile is markedly different from that
created by stellar winds. But in the atomic cooling halo case, star formation and
radiative feedback is not well understood (Johnson et al. 2009), such as the masses
of stars, and stellar multiplicity (Clark et al. 2011). So we also use the formalism of
the Shu solution as above. We assume that either one Pop III star or a small stellar
cluster forms. The densities are shown in the right panel of Figure 12. Similar to
the minihalo case, densities are nearly constant at small radii, but overall values
are much higher, which is due to the deep potential wells, so that photoheated gas
can easily be retained. Typical circumburst densities are n ∼ 100 cm−3. Pop III
GRBs originating in atomic cooling halos may be extremely bright.
The typical parameters of the afterglow emission are adopted, Γ0 = 300, Eiso =
1053 erg, ∆0 = 10
12 cm, ǫe = 0.3, ǫB = 0.1, and p = 2.5. As an example, in
Figure 13, the M-band (ν = 6.3 × 1013Hz) light curve is shown. Figure 14 gives
the observed flux at ν = 1.36 × 1014Hz as a function of redshift in the minihalo
case. The lines with filled dots, black triangles and open dots correspond to an
observed time of 6 minutes, 1 hour, and 1 day respectively. The straight line
marks the K-band sensitivity for the near-infrared spectrograph (NIRSpec) on
James Webb Space Telescope (Gardner et al. 2006). The high-redshift cut-off is
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Fig. 14 Observed flux at ν = 1.36 × 1014Hz (K band) as a function of redshift at different
observed times, as labelled. The K-band sensitivity of the NIRSpec instrument on board the
JWST is shown as a horizontal line. The sharp cut-off at z ≃ 17 is due to Lyα absorption in
the IGM. (Adapted from Figure 6 in Wang et al. (2012).)
due to the Lyα absorption. The flux will be completely absorbed by the intervening
neutral IGM. At these frequencies, the flux of afterglow is weakly dependent on
redshift of GRB. There are two reasons. First, the time dilation effect implies
that the high redshift means the earlier emission times, where the afterglow are
much brighter (Ciardi & Loeb 2000; Bromm & Loeb 2007). Second, circumburst
densities of GRBs modestly increase with redshift.
4.2 Metal enrichment history
The metal enrichment history has several important influences for cosmic structure
formation. For example, the metal injection change the mode of star formation
(Bromm et al. 2001; Schneider et al. 2002). The transition between Pop III star
formation and “normal” (Pop I/II) star formation has important implications,
e.g., the expected GRB redshift distribution (Bromm et al. 2002), reionization
(Wyithe & Loeb 2003), and the chemical abundance patterns of stars. So it is
important to map the topology of pre-galactic metal enrichment. Ten or thirty
meter-class telescopes have been proposed to measure the z > 6 IGM metallicity
with the GRB afterglow (Oh 2002). Meanwhile, the relative gas column density
from metal absorption lines can reflect the enrichment history (Hartmann 2008;
Wang et al. 2012).
Absorption processes and absorption lines imprinted on the spectra of GRBs
or quasars are the main sources of information about the chemical and physical
properties of high-redshift universe. But the bright QSO number is very low at
z > 6 (Fan et al. 2006). Meanwhile, there are several high-redshift GRBs: GRB
050904 at z = 6.29, GRB 080913 at z = 6.7, GRB 090423 at z = 8.3 and GRB
090429B at z = 9.4. The progenitors of long GRBs are thought to be massive
stars, so the number of high-redshift GRBs does not decrease significantly. The
density, temperature, kinematics and chemical abundances can be extracted from
absorption lines (Oh 2002; Furlanetto & Loeb 2003). For instance, (Kawai et al.
2006) have identified several metal absorption lines in the afterglow spectrum
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Fig. 15 Possible explosion sites for high-redshift GRBs. Shown are the hydrogen number
density (left panel) and metallicity contours (right panel) averaged along the line of sight at z ∼
16.37, when the first galaxy forms. The topology of metal enrichment is highly inhomogeneous.
(Adapted from Figure 3 in Wang et al. (2012).)
of GRB 050904 and found that this GRB occur in metal-enriched regions. Two
absorption lines have been observed in the spectrum of GRB 090423 at z = 8.2
(Salvaterra et al. 2009). These lines are due mainly to absorption metal elements
in low ionization stages.
Wang et al. (2012) studied the ability of metal absorption lines in the spectra
of Pop III GRBs to probe the pre-galactic metal enrichment. The first galaxy
simulation carried out by (Greif et al. 2010) was used. The simulation allowed one
Pop III progenitor star to explode as an energetic supernova, then the IGM was
polluted by the ejected metals. The simulation box size is 1 Mpc (comoving), and
is initialized at z = 99 according to the ΛCDM model with parameters: Ωm =
1 − ΩΛ = 0.3, Ωb = 0.04, h = H0/
(
100 km s−1 Mpc−1
)
= 0.7, spectral index
ns = 1.0, and normalization σ8 = 0.9 (Spergel et al. 2003).
In Figure 18, the hydrogen number density and metallicity averaged along the
line of sight are shown within the central ≃ 100 kpc closer to the virialization of the
first galaxy at z = 16.4. The distribution of metals produced by the first SN explo-
sion is highly inhomogeneous, and the metallicity can reach up to Z ∼ 10−2.5Z⊙,
which is already larger than the critical metallicity, Zcrit ≤ 10
−4Z⊙. Therefore,
both Pop III and Pop I/II stars will form during the assembly of the first galax-
ies (Johnson et al. 2008; Maio et al. 2010), so simultaneous occurrence of Pop III
and normal GRBs at a given redshift (Bromm & Loeb 2006; de Souza et al. 2011).
We consider a Pop III burst exploding in one of the (still metal-free) first galaxy
progenitor minihalos at z ≃ 16.4.
For simplicity, we consider that prior to the GRB only one nearby SN exploded
beforehand, dispersing its heavy elements into the pristine IGM. Two nucleosyn-
thetic metal yields for Type II core-collapse SNe (Woosley & Weaver 1995), and
for pair-instability supernovae (PISNe; Heger & Woosley 2002, 2010) are consid-
ered. Because the hydrogen is substantially neutral, metals will reside in states
typical of C II, O I, Si II, and Fe II, because high-energy photons able to further
ionize these elements will be absorbed by H I (Furlanetto & Loeb 2003).
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Fig. 16 Pop III GRB spectrum observed at the reverse shock crossing time t⊕ = 16.7 ×
(1 + 16.4) s. Metal absorption lines are imprinted according to the Pop III SN event, PISN vs.
core-collapse. The former originates from a very massive star (VMS) progenitor, whereas the
latter from a less massive one. In each case, the cutoff at short wavelengths is due to Lyman-α
scattering in the neutral IGM. (Adapted from Figure 10 in Wang et al. (2012).)
Figure 16 shows two spectra of afterglow at the reverse shock crossing time.
Top panel is for the top-heavy (Very Massive Star) initial mass function (PISN
case) and bottom for normal initial mass function (Type II SNe case). The cutoff
is due to Lyman-α absorption in the IGM which is expected to be still completely
neutral at z > 10. In the two cases, the metal lines are markedly different. The
metal yields could be obtained from metal lines. So the initial mass function of
Pop III stars can be derived from the metal absorption lines.
5 Using high resolution spectroscopy of GRBs to probe fundamental
physics
5.1 Measuring the temperature of the cosmic microwave background radiation
The existence of the cosmic microwave background (CMB) radiation is a funda-
mental prediction of the hot Big-Bang theory. If gravitation is described by general
relativity and electromagnetism by the Maxwell theory, then photons propagate
along null geodesics and the CMB black-body temperature must follow the rela-
tion TCMB(z) = TCMB(0)×(1+z)
1−β, with β=0 and TCMB(0) = 2.725±0.002 K
for the temperature measured locally. This relation, which is a theoretical conse-
quence of the adiabatic expansion of the Universe, needs to be verified by direct
measurements. This has deeper theoretical implications as well (Uzan et al. 2004).
A non-zero β would indicate either a violation of the hypothesis of local position
invariance (and thus of the equivalence principle) or that the number of photons
is not conserved with the constraint that the energy injection does not induce
spectral distortion of the CMB. In the first case, this should be associated with a
variation of the fundamental constants (see next Section). There are currently two
methods to measure TCMB at redshifts z > 0. The first one relies on the measure-
ment of a small change in the spectral intensity of the CMB towards clusters of
galaxies owing to inverse Compton scattering of photons by the hot intra-cluster
gas: the so-called Sunyaev-Zeldovich (S-Z) effect. Although this technique per-
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mits precise measurements ∆T ∼ 0.3 K (Luzzi et al. 2009; Hurier et al. 2014), the
method is essentially limited to z < 1 because of the scarcity of known clusters
at higher redshifts. The other technique uses the excitation of interstellar atomic
or molecular species that have transition energies in the sub-millimetre range and
can be excited by CMB photons. When the relative population of the different
energy levels are in radiative equilibrium with the CMB radiation, the excita-
tion temperature of the species equals that of the black-body radiation at that
redshift. Therefore, the detection of these species in diffuse gas, where collisional
excitation is negligible, provides one of the best thermometers for determining
the black-body temperature of the CMB in the distant Universe (Bahcall & Wolf
1968; Molaro et al. 2002; Srianand et al. 2008).
One of the best thermometers is the molecule CO because it has a non-ze´ro electro-
magnetic dipole which implies that in usual conditions of the diffuse interstellar
medium (ISM), the excitation of the molecule is low (∼5 K). Therefore at high
redshift, the excitation is easily dominated by the CMB radiation. However, up to
very recently, detection of the diffuse CO medium remained elusive and this is only
very recently, thanks to the advent of large spectrocopic surveys of quasars that
a dozen of such systems have been detected (Noterdaeme et al. 2010) resulting in
the best constrain on β shown in Fig. 17.
Up to now only one CO detection has been reported in the spectrum of a GRB
afterglow (Prochaska et al. 2009). This is unfortunately a case where the afterglow
is highly obscured. However, due to the location of the GRB close to ISM of the
host galaxy, the probability to detect diffuse molecular gas (and therefore to avoid
very high extinction) is much higher in GRBs than in quasars. With the increased
number of GRB detections at high redshift (z > 3) there is no doubt that such
observations will be performed in the future. It is adament however that to be
successful, a high resolution spectrograph must be available at the extremely large
telescopes to be built in the near future.
5.2 Testing variations of fundamental constants of physics
Metal lines of absorption systems due to intervening galaxies along the line of sight
towards distant sources provide insight into the atomic structure at the cosmic
time and location of the intervening object. All atomic transitions depend on the
fine-structure constant, offering a way to probe possible variations in its value in
space and time. These absorption lines are readily observed in the spectra of GRB
afterglows and could be used to probe these possible variations.
A first analysis using the multi multiplet method on quasar absorption spec-
tra obtained at the Keck telescope revealed hints that in the early universe the
fine structure constant was smaller than today by ∼6 parts per million (ppm;
Murphy et al. 2003). However, the analysis of smaller data sets obtained from
the Very Large Telescope (VLT) in Chile by other groups did not confirm the
variation (Srianand et al. 2004, 2007). A recent analysis has been performed on a
new sample built up by merging 141 measurements from Keck with 154 measure-
ments from VLT (King et al. 2012). The merged sample confirms the results by
Srianand et al. (2007) but indicates a spatial variation across the sky at the 4.1σ
level with amplitude ∼10 ppm. Since the Keck telescope in Hawaii is at a lati-
tude of 20 degree North, and the VLT in Chile is at latitude of 25 degrees South,
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Fig. 17 Top panel: TCMB as a function of redshift. The red filled circles represent SZ mea-
surements in clusters by the Planck mission (Hurier et al. 2014). Blue diamonds show the
measurements from CO absorption lines. The solid black line presents the standard evolution
for TCMB and the dashed black line represents the best-fitting model combining all the mea-
surements. The 1 and 2σ envelopes are displayed as shaded dark and light-gray regions. Bottom
panel: deviation from the standard evolution in units of standard deviation. The dashed and
dotted black lines correspond to the 1 and 2σ levels. Figure is from Hurier et al. (2014) Note
that only one high precision measurement using CO at high redshift could yield much stronger
constraint on β.
the two subsamples survey relatively different hemispheres, and the study of the
merged sample provides a much more complete sky coverage. Remarkably, the two
sets of measurements are consistent along the region of the sky covered by the two
telescopes. So far, this spatial variation has not been confirmed by other groups
(e.g. Agafonova et al. 2011) but the lines-of-sight used by these groups fall into a
region with minimal reported variation (see however Srianand et al. 2012). One
important weakness in the evidence for variations in α is that it derives mostly
from archival Keck and VLT spectra.
A VLT/UVES large program has been dedicated to reach the ultimate precision
and therefore track systematics. For this, twelves quasar lines-of-sight have been
observed at the highest spectral resolution (R ∼ 60,000) and highest SNR (> 100)
possible. Along each line-of-sight there is at least one absorber in which we expect
a precision approaching 2 ppm on the variation of α based on the variety of metal-
line transitions available and the shape/structure of their absorption profiles (see
Molaro et al. 2013). Some of the lines-of-sight are also dedicated to constraining
the variations of µ, the electron-to-proton mass ratio (Rahmani et al. 2013).
GRB afterglows, if well selected, can be unique targets in this field after the
advent of extremely large telescopes (TMT and ELT) since GRB afterglows can
be very bright even at high redshift and yield spectra of the highest SNR; and
the probability that the line-of-sight intersects a diffuse molecular cloud is much
higher in the case of GRBs compared to QSOs. However, a fast response mode on
a high resolution spectrograph has to be available (e.g. Vreeswijk et al. 2007) in
order to collect a high SNR spectrum. It will also be important to follow a well
defined procedure for wavelength calibration.
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6 Using high energetic photons of GRBs to test fundamental physics
6.1 Constraining Lorentz invariance violation
Lorentz invariance is a famous postulate of Einstein’s special relativity, which in-
dicates that the relevant physics laws of a non-accelerated physical system are
not affected when this system undergoes Lorentz transformation. However, many
Quantum Gravity (QG) theories have suggested that quantum fluctuations in the
space-time would make it appears discontinuous and chaotic, namely the foamy
structure (Amelino-Camelia et al. 1997). And the propagation of light through the
space-time with the foamy structure would show a non-trivial dispersion relation
in vacuum (Amelino-Camelia et al. 1998), which could leads to the violation of
Lorentz invariance. Constraining the Lorentz invariance violation (LIV) effect has
been thought as an effective method to test the accuracy of QG theories, such as
loop quantum gravity (Gambini & Pullin 1999; Alfaro et al. 2002), string theory
(Kostelecky´ & Samuel 1989), double special relativity (Amelino-Camelia & Ahluwalia
2002), and so on. Since it is generally expected for QG to manifest itself fully at
the Planck scale, the Planck energy scale (EQG ≈ EPl =
√
~c5/G ≃ 1.22 × 1019)
being a natural one at which Lorentz invariance is predicted to be broken (see,
e.g., Amelino-Camelia 2013, and references therein).
Due to the LIV effect, the speed for the propagation of photons could become
energy-dependent, instead of a constant speed of light in vacuum (see Amelino-Camelia et al.
1998; Ellis & Mavromatos 2013). Normally, the modified dispersion relation of
photons can be approximatively described as the leading term of the Taylor ex-
pansion (see Ellis et al. 2003; Jacob & Piran 2008)
E2 ≃ p2c2
[
1− sn
(
pc
EQG,n
)n]
, (29)
where the n-th order expansion of leading term corresponds to linear (n=1) or
quadratic (n=2), EQG denotes the QG energy scale, and sn = ±1 represents the
sign of the LIV correction. If sn = −1 (sn = +1), the low energy photons travel
slower (faster) than the high energy photons. The speed of light derived from
Equation (29) is
v =
∂E
∂p
≈ c
[
1− sn
n + 1
2
(
E
EQG,n
)n]
. (30)
Because of the energy dependence of the light speed, two photons with different
energies emitted simultaneously from the source will reach us with a time delay
∆t. For a cosmic source, the cosmological expansion should be taken into account
when calculating the LIV induced time delay (Ellis et al. 2008; Jacob & Piran
2008; Zhang & Ma 2015)
∆tLV = th − tl = sn
1 + n
2H0
Enh −E
n
l
EnQG,n
∫ z
0
(1 + z′)ndz′√
Ωm(1 + z′)3 + ΩΛ
, (31)
where th and tl correspond to the arrival times of the high energy photon and the
low energy one, with Eh and El (Eh > El) being the photon energies.
Since photons with different energies will arrive on earth at different time,
GRBs with detected high energetic photons and measured redshifts have been
proposed to test the LIV effect (see, e.g., Amelino-Camelia et al. 1998; Ellis et al.
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Fig. 18 Left panel: the observed spectral time-delays between the arrival times of pairs of
genuine high-intensity sharp features detected in the light curves of the full set of 35 GRBs with
measured redshifts observed by BATSE (closed circles), HETE (open circles) and SWIFT (tri-
angles). Right panel: the likelihood function for the slope parameter. (Adapted from Figures 1
and 2 in Ellis et al. (2008).)
2003, 2006, 2008; Jacob & Piran 2008; Abdo et al. 2009b,a; Vasileiou et al. 2013;
Zhang & Ma 2015). The first attempt that take the advantage of cosmological dis-
tances compared the arrival time of different energetic photons from GRB to con-
strain the LIV effect was presented in Amelino-Camelia et al. (1998). Ellis et al.
(2003, 2006, 2008) developed a method to measure LIV by analyzing a large sam-
ple of GRBs with known redshifts. This method has the advantage that it can
precisely extract the observed time lag from the GRB light curves in different en-
ergy bands. Taking into account the unknown intrinsic time lags bsf , the observed
time delays should have two contributions ∆tobs = ∆tLV + bsf(1 + z) (Ellis et al.
2006). A simple linear fitting function can be written as
∆tobs
1 + z
= aLVK + bsf , (32)
where K = (1 + z)−1
∫ z
0
dz′(1 + z′)/
√
Ωm(1 + z′)3 +ΩΛ is a function of redshift
and the slope aLV = ∆E/(H0EQG) is related to the scale of Lorentz violation.
Note that the linear term (n = 1) is considered here. The result of a linear fit to
the observed time delays extracted from 35 GRB light curves is presented in the
left panel of Figure 18. The best fit corresponds to ∆tobs1+z = (0.0068± 0.0067)K −
(0.0065 ± 0.0046) and the likelihood function for the slope aLV is shown in the
right panel of Figure 18. The 95% confidence-level lower limit on the QG energy
scale derived from aLV is EQG ≥ 1.4× 10
16 GeV (Ellis et al. 2008).
However, there is a limitation of Ellis et al. treatment. They extracted spec-
tral time-lags in the light curves recorded in the MeV energy band relative to
those in the keV energy band. The value of the energy band plays an important
role in constraining LIV, a higher energy band leading to better constraints on
LIV. Therefore, it is necessary to consider using the GeV lags to constrain LIV.
Abdo et al. (2009b) used the highest energy (13.2 GeV) photon of GRB 080916C
to study the LIV effect, which was detected 16.5 s after the trigger time.1 Com-
pared with previous estimates, their limit on the linear term (EQG,1) of 1.3× 10
18
1 Since the energies of photons arrived at the trigger time (∼ 100 keV) are several orders of
magnitude lower than those of high energy photons (∼ GeV), Enh − E
n
l in Equation (31) can
be approximated as Enh .
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GeV represented an improvement of one order of magnitude. But, it is still one or-
der of magnitude below the Planck energy scale EPl. With an observed time delay
∼ 0.86 s of GRB 090510 (i.e., the time lag between the trigger time and the arrival
time of 31 GeV photon), Abdo et al. (2009a) set the most stringent limits on both
the linear and quadratic term up to now. The limits set are EQG,1 > 9.1 × 10
19
GeV > 1.2EPl and EQG,2 > 1.3× 10
11 GeV. We can see that the linear (n=1) LIV
can be excluded by GRB 090510.
6.2 Testing Einstein’s Equivalence Principle
The Einstein Equivalence Principle (EEP) is the heart and soul of general rel-
ativity and other gravitational theories, which states that the trajectory of any
uncharged “test” body is independent of its internal structure and composition.
An alternative statement of the EEP is that spacetime is given a symmetric metric
and uncharged test bodies follow geodesics of that metric. A lot of methods have
been performed to quantify the possible violations of the EEP. Among the most
famous are the Eo¨tvo¨s-type experiments, which compare the accelerations of two
laboratory-sized bodies made of different composition in a gravitational field (see,
e.g., Will 2014, and references therein). If the EEP is violated, the accelerations
of these two bodies will be different. The validity of the EEP can be well tested
by the comparison of laboratory-sized bodies in a Newtonian context. Neverthe-
less, Newtonian dynamics is inappropriate for describing particles’ (like photons
or neutrinos) motion in a gravitational field. In order to measure the accuracy
of the EEP with particles, the parameterized post-Newtonian (PPN) formalism
has been developed for precisely describing their motion. Most metric theories of
gravity satisfying the EEP are contained by the PPN formalism, and each the-
ory is specified by the numerical values of some coefficients (PPN parameters),
which have been well reviewed by Will (2006, 2014). The accuracy of the EEP can
therefore be tested through the numerical values of PPN parameters.
For instance, Shapiro (1964) has suggested that the time interval for photons or
neutrinos to pass through a given distance is longer within an external gravitational
potential U(r), the so-called Shapiro time delay, which is given by
δt = −
1 + γ
c3
∫ ro
re
U(r)dr , (33)
where re and ro are locations of source and observation, the PPN parameter γ
accounts for how much space-curvature is produced by unit rest mass. General
relativity predict that the value of γ should be unity (i.e., γ = 1), but not all gravity
theories predict the same values for γ. There are many ways in which one can test
general relativity by measuring the value of γ. Measurements of the parameter γ
have reached high precision with the results of solar-system experiments, including
the deflection of light and the time delay of light. The most stringent limits on the
γ value from the light deflection near the sun is based on the very long baseline
radio interferometry measurement, with a result γ − 1 = (−0.8 ± 1.2) × 10−4
(Lambert & Le Poncin-Lafitte 2009, 2011). With the travel time delay of a radar
signal of the Cassini spacecraft, Bertotti et al. (2003) set the most precise limit on
the value of γ, i.e., γ − 1 = (2.1± 2.3)× 10−5. These results showed that γ is very
close to 1, which is consistent with the expectation of general relativity.
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However, it is important to note that all gravity theories satisfying the EEP also
predict γ1 = γ2 ≡ γ, where the subscripts represent two different test particles. To
test the EEP in general relativity, therefore, the issue is not only whether the value
of γ is very nearly 1, but also whether it is the same for different types of particles,
or for the same type of particle with different energies. Krauss & Tremaine (1988)
and Longo (1988) suggested that the small arrival time delay of the photon and
neutrino emitted from supernova 1987A in the Large Magellanic Cloud provides
a new precision test of the EEP. By analysing the arrival time delay between the
photons (eV) and neutrinos (MeV) from supernova 1987A, Longo (1988) obtained
a strong limit on the differences of γ to the level of 0.34%. In addition, using the
time delay for two neutrinos with different energies, Longo (1988) set a more precise
limit on γ differences, yielding [γ(40 MeV) − γ(7.5 MeV)] ≤ 1.6 × 10−6. Besides
the extragalactic source (supernova 1987A), the nearly simultaneous arrival of
photons with different energies from cosmic transients, such as GRBs, have also
been applied to test the EEP (Sivaram 1999; Gao et al. 2015).
For a cosmic source, the observed time delays between correlated photons
should have four contributions (Gao et al. 2015):
∆tobs = ∆tint +∆tLIV +∆tspe +∆tgra , (34)
where ∆tint represents the unknown intrinsic time lag, ∆tLIV is the LIV induced
time delay, and ∆tspe denotes the potential time delay caused by the non-zero
mass of photons in special relativity. With Equation (33), the time delay (∆tgra)
of two photons with energy E1 and E2, due to the external gravitational potential
U(r), which can be written down as
∆tgra =
γ1 − γ2
c3
∫ re
ro
U(r)dr . (35)
Since both ∆tLIV and ∆tspe are negligible for the purposes of testing the EEP,
they can be ignored in the analysis (see Gao et al. 2015, for more explanations).
With the assumption that ∆tint > 0, one can derive
∆tobs >
γ1 − γ2
c3
∫ re
ro
U(r)dr . (36)
Generally speaking, U(r) should has three contributions: the gravitational poten-
tial of our galaxy UMW(r), the intergalactic potential UIG(r) between our galaxy
and the transient host galaxy, and the gravitational potential of the transient host
galaxy Uhost(r). Unfortunately, we know nothing about the potential functions for
UIG(r) and Uhost(r), but we stand a good chance of considering the combination
of these two terms is much larger than the potential of UMW(r). Hence, it would
be reasonable to derive
∆tobs >
γ1 − γ2
c3
∫ re
ro
UMW(r)dr . (37)
If we adopt the Keplerian potential UMW(r) = −GM/r for our galaxy, then we
have
γ1 − γ2 < ∆tobs
(
GMMW
c3
)−1
ln−1
(
d
b
)
, (38)
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where MMW ≃ 6 × 10
11M⊙ represents the mass of our galaxy (McMillan 2011;
Kafle et al. 2012), d is the distance from the transient source to the observer, and
b denotes the impact parameters of the light rays relative to our galaxy center
. Assuming that the cosmic transient source located in the direction (R.A.=βS,
Dec.=δS), the impact parameter b can be calculated by the expression
b = rG
√
1− (sin δS sin δG + cos δS cos δG cos (βS − βG))
2 , (39)
where rG = 8.3 kpc is the distance from the Sun to our galaxy center, and the
coordinates (J2000) of our galaxy center correspond to βG = 17
h45m40.04s and
δG = −29
◦00
′
28.1
′′
(Gillessen et al. 2009).
With the assumption that the observed time delays for photons with different
energies are caused dominantly by the gravitational potential of our galaxy, for
the GeV and MeV photons of GRB 090510 Gao et al. (2015)) set a severe limit of
γGeV−γMeV ≤ 2×10
−8; and for the optical and MeV photons from GRB 080319B
they obtained γeV − γMeV ≤ 1.2 × 10
−7. Comparing these results with the limits
of supernovae 1987 shows that GRBs can increase the accuracy level of the EEP
constraints by at least one order of magnitude, to ∼ 10−7, while expanding the
tested EEP energy range to the MeV-eV and GeV-MeV range. Sivaram (1999)
also derived the same upper limit on the EEP of 4 × 10−7 for gamma-ray and
optical photons from GRB 990123, but his result was restricted to the MeV and
eV energy bands.
7 Summary and future prospect
GRBs are observed throughout the whole electromagnetic spectrum, from radio
waves to γ-rays, which have been observed in distant universe. Recently, GRBs
have attracted a lot of attention as promising standardizable candles to construct
the Hubble diagram to high redshift, as complementarity to other cosmological
probes, such as SNe Ia, CMB and BAO. However, a lot of work is needed to be
sure that GRBs can hold this promise in future. The most important thing is to
search for a correlation similar to that used to standardize SNe Ia. In order to
obtain the correlation, the classification of GRBs may be crucial. We must remind
that only SNe Ia are standard candles among all SNe. The classical classification
method is based on the prompt emission properties (duration, hardness, and spec-
tral lag). The physics of prompt emission are not fully understood (Zhang 2014),
and some new clues from other objects are found (Wang & Dai 2013; Wang et al.
2014). But observations of some GRBs are challenging the standard classification
(Zhang 2006; Zhang et al. 2009; Lu¨ et al. 2010). So more physical nature of GRBs
is needed (Zhang et al. 2009). The circularity problem could be partially solved
by analyzing a sample of GRBs within a small redshift bin (Ghirlanda et al. 2006;
Liang & Zhang 2006).
In order to measure high-redshift SFR from GRBs, the relation between long
GRB rate and SFR must be known. Besides, theoretical models of the SFR have
several free parameters, such as the efficiency of star formation and the chemical
feedback strength. From the theoretical SFR, the predicted GRB redshift distri-
bution can be derived. So one can use the GRB redshift distribution observed by
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Swift (or future missions such as SVOM and EXIST), to calibrate the free param-
eters. More GRB red damping wing with low HI column density are required to
study properties of IGM.
Metal absorption lines in the GRB afterglow spectrum, giving rise to EWs of a
few tens of A˚, which may allow us to distinguish whether the first heavy elements
were produced in a Pop III star died as a PISN or a core-collapse SN. To this
extent, the spectrum needs to be obtained sufficiently early, within the first few
hours after the trigger. Upcoming JWST would detect much more high-redshift
GRBs (properly Pop III GRBs) with high resolution NIR spectra including metal
absorption lines, which allow one to measure the cosmic metallicity evolution.
In the future, the French-Chinese satellite Space-based multi-band astronomi-
cal Variable Objects Monitor (SVOM) and JWST, have been optimized to increase
the number of GRB and the synergy with the ground-based facilities. There are a
combination of multi-wavelength detectors on board of SVOM (Paul et al. 2011).
ECLAIRs wide-field camera will detect GRBs in the energy range of 4-150 keV.
The spectral information of prompt emission will be measured by Gamma-Ray
Monitor (GRM). The afterglow can be obtained by the Micro channel X-ray Tele-
scope (MXT; 0.3-10 keV) and the Visible Telescope (VT; 400-900nm). SVOM can
detect about 80 GRBs per year, and more than 50% of GRBs have redshift mea-
surement (Petitjean & Vergani 2011). JWST is a large, infrared-optimized space
telescope with 6.6 m diameter aperture. It has four scientific instruments: a Near-
IR Camera (NIRCam), a Near-IR Spectrograph (NIRSpec), a near-IR Tunable
Filter Imager (TFI), and a Mid-IR Instrument (MIRI) (Gardner et al. 2006). But
the direct detection of a single Pop III star is not feasible even for JWST, i.e.,
the AB magnitude of a M = 1000M⊙ star is only 36 at z ∼ 30. Meanwhile, the
Pop III GRBs can be detectable by JWST (Wang et al. 2012; Mesler et al. 2014;
Macpherson et al. 2013). This will boost the amount of information available to
tackle the important issues revealed by this exciting field of research.
Because of the much larger detector area and higher sensitivity, the Water
Cerenkov Detector Array (WCDA) of LHAASO will has the ability to detect
much more high-energy photons from GRBs and high quality high-energy light
curves will be possible, making it easy to extract the observed time delays from
the light curves with different energy bands. We can expect that the high energy
GRB observations provided by LHAASO/WCDA will set much more competitive
limits on fundamental physics.
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